1 Survival of conifers following fire depends on the type and degree of injuries sustained, initial tree vigor, and the postfire environment, including weather and insect and disease population dynamics (Ryan 1982 (Ryan , 1990 . As fire injuries increase, the probability of tree death increases. Numerous authors (compare Peterson 1985; Peterson and Arbaugh 1986, 1989; Ryan 1990; Ryan and others 1988) have identified the proportion of crown killed as the key injury contributing to death of most trees, but injuries to bole cambium or roots or both may dominate in some cases (Ferguson and others 1960; Ryan and others 1988; . Resistance to cambium injury increases with the square of the bark thickness (compare Martin 1963; Peterson and Ryan 1986 ), which in turn increases approximately linearly with diameter . Multiple injuries are common and increase the likelihood of death (Furniss 1965; Ryan 1990; Ryan and others 1988; Wagener 1961) . Mortality resulting from crown kill is often apparent by the end of·the first growing season following fire, while death resulting from bole and root injury often does not become apparent before the second growing season (Ferguson and others 1960; Ryan and others 1988; Ryan and Frandsen 1991) .
Bark beetles and wood borers are frequently associated with tree mortality following fire. However, it is difficult to adequately assess fire injuries, particularly to the bole and roots. In the absence of significant bole or root injuries, the probability of attack by primary bark beetles is initially low with light defoliation, increases with moderate to heavy defoliation, and often declines with complete defoliation (Furniss 1965; Miller and Keen 1960; Mitchell and Martin 1980; Wagener 1961) . Bark beetles also attack trees with cambium injury but are thought to contribute little to mortality, except in conjunction with defoliation or when a large proportion of the circumference is killed (Ferguson and others 1960; Ryan and Frandsen 1991; Wagener 1961) . Secondary bark beetles (those commonly attracted. to severely weakened or recently killed trees, as opposed to primary bark beetles that can infest and kill healthy trees) and wood borers are commonly attracted to bumed trees, but their contribution to mortality, while thought to be minor (Mitchell and Martin 1980) , is largely unknown. Ryan and others (1988) reexamined conifers 8 years after burning and demonstrated the importance of bole injury in predicting survival. Percentage crown scorch, degree of cambium injury, and diameter were the best predictors of survival for those trees. Wyant and others (1986) also found that percentage of crown scorch and tree diameter were the best predictors of Douglas-fir survival. Peterson and Arbaugh (1986) foUnd percentage crown scorched and percentage basal circumference scorched were the best predictors of lodgepole pine survival in the Northem Rocky Mountains. They showed crown scorch and the level of insect attack were most important as predictors of survival of Douglas-fir. However, they did not identify the insects causing tree mortality. In contrast, Peterson and Arbaugh (1989) observed that insect attack was not a significant variable in predicting the fate of fire-injured Douglas-fir in the Cascade Mountains, possibly because insect populations were low.
Several recent studies have modeled postfire survival of North em Rocky Mountain conifers. modeled postfire survival of seven Northem Rocky Mountain conifer species. They used percentage crown scorch as the only injury variable, and bark thickness, calculated 2 from species and diameter and used as a measure of resistance to cambium injury, to predict the fate ofbumed trees. Bevins (1980) modeled postfire survival of Douglas-fir 1 year after burning using tree diameter and scorch height as predictive variables.
Although our understanding of fire-caused mortality has improved. and application models have been developed for predicting the fate of fire-scorched conifers in the Northern Rocky Mountains, the relationship of insects to fire injury is still not well understood. In the aforementioned studies, insects attacked trees to varying degrees, but their contribution to mortality and hostJinsect species relationships was not determined. The degree to which fire-injured trees lead to a buildup of populations capable of attacking nearby unbumed trees also has not been determined for most species. Therefore, studies were started in the Greater Yellowstone Area (GYA) in 1989 following the large fires that occurred in 1988 to determine (1) rate of bark beetle infestation of fire-injured. trees; (2) change in infestation behavior from fire-injured to uninjured trees; and (3) bark beetle and wood borer infestation in relation to degree of individual tree injury.
Forest fires in the Greater Yellowstone Area (which consists of Yellowstone National Park and adjacent lands) severely charred millions of trees, instantly killing them. Countless others were defoliated, girdled, or partially girdled by heat ( fig. 1 ). Fire-killed and injured trees provide infestation opportunity to bark beetles and wood-boring insects (Fellin 1980; Furniss and Carolin 1977) when populations exist in the vicinity of the fires. Bark beetle surveys in the GYA suggest that all species were at low population levels at the time of the 1988 fires, with the exception of the Douglas-fir beetle (Dendroctonus pseuclotsugcu Hopkins) (DFB). and to no infested trees in 1987 (Gibson and Oakes 1988) . In the nearby BridgerTeton National Forest, MPB infestation declined from 3,224 trees in 1987 to 890 trees in 1988 (Knapp and others 1988) .
Although no survey estimates are available for other bark beetle species in Yellowstone Park, surveys of adjacent areas showed only the DFB was increasing, whereas spruce beetle (D. rufipennis Kirby) (SB) infestation was light (Knapp and others 1988) and pine engraver (Ips pini Say) populations had declined (Gibson and Oakes 1989) .
METHODS
Canopy fires that caused complete defoliation usually resulted in complete burning or severe scorching of the inner bark, especially in thinbarked species, so that trees with this type of injury were no longer suitable for bark beetle infestation (Amman in press). As a result, our sampling focused on areas where canopy fires did not occur and in adjacent unburned forests. Observations were made in GYA areas covered by four fires (fig. 2): (1) North Fork Fire-Bunsen Peak and Madison River; (2) Snake River Fire--Grant Village; (3) Huck Fire-Rockefeller Memorial Parkway; and (4) the Hunter Fire-Ditch Creek, about 35 miles south of Yellowstone Park. In each area, variable plots (10 ft2/acre basal area factor) were established in 1989, with five additional plots established in 1990. Plots were mostly at low elevations between 6,725 and 8,000 feet; therefore, trees consisted mostly of lodgepole pine and Douglas-fir. Trees were classified alive or dead, based on the presence or absence of living foliage and the percentage of basal circumference girdled by fire. Mortality by year (1988 to 1990) eould still be determined in 1990. Individ\lal trees within the plots were permanently marked in order to follow survival for several years, except in the heavily used Madison River area. Because of the possibility of tags being removed by park visitors, successive observations were made by comparing tree diameter and location in the Madison River plots.
Observations included tree species, diameter at breast height (d.b.h.), degree offire injury, presence of insect attack, and insect species. Tree injury was measured as the percentage of basal circumference in which the cambium was killed, and percentage crown scorch. Cambium injury was determined by removing small sections of bark and visually inspecting tissues. Crown scorch was ocularly assessed and expressed as the percentage of the prefire crown volume killed. Boring frass expelled from the bark was the usual sign of insect infestation. Some bark was removed from trees infested by insects so that insects could be identified. All insect observations were made on the lower 7 feet of the trees. . Insects attacking trees were classified according to whether they were primary or secondary bark beetles, wood borers, or other insects. The preliminary observations of tree mortality also were compared to mortality predicted by the Ryan and Reinhardt model (1988) .
RESULTS AND DISCUSSION
The small populations of bark beetles in the GYA, coupled with timing of the fires (July to September) in relation to life cycles of bark-and wood-infesting beetles, resulted in no fire-injured trees in our sample being infested in 1988. fig. 3 ). The pine engraver accounted for most of this infestation (71 percent of infested trees). Of the trees infested, only 5 percent had not been scorched by fire. Most commonly. trees infested by the pine engraver had greater than 80 percent basal girdling by fire ( fig. 4) . Many of these trees showed little evidence of scorch and looked healthy except for boring hass made by the beetles. However, upon closer inspection, the trees were completely girdled at the base by a light ground fire. Based on the 1990 survey data, 49 percent of the original trees (infested and uninfested) were classified dead (table 2). Observed mortality is about two-thirds ofthat predicted by . It often takes in excess of 2 years for all foliage to die on trees that are completely girdled at the base. Given the slow rate of death associated with basal girdling and the current level of insect activity, additional mortality is expected. Dead trees were somewhat (but not significantly) smaller than live trees (d.b.h. = 8.9 inches vs. 10.3 inches). Given the extremely low bark thickness to diameter ratio for lodgepole (compare , it is not surprising that tree diameter was not significantly different between alive and fire-killed lodgepole pine.
The large number of trees infested by pine engraver was not surprising because these beetles are able to reproduce in wind-broken material (including large branches) and in decadent trees near death (Sartwell and others 1971) . Mature forests always seem to have plenty of such material available. Although not causing noticeable tree mortality in 1988, the engraver was present in sufficient numbers to infest many fire-injured lodgepole pine in the spring of 1989.
The mountain pine beetle was observed in only seven trees, all in the Hunter Fire on the BridgerTeton National Forest. MPB was mixed with pine engraver and the twig beetle (PityophthoroWl confertus Say) in these trees, a common occurrence when MPB populations are at a low level (Schmitz 1988) .
Observations over the years suggest that MPB is not strongly attracted to fire-scorched trees, so few trees probably would have been infested even if larger populations ofMPB had been present in the GYA MPB seldom breeds in trees injured or killed by fire in numbers sufficient to cause an increase in the population (Mitchell and Sartwell 1974) . Hopkins (1905) found no MPB in fire-injured ponderosa pine in the Manitou Park area of Colorado. Blackman (1931) , working on the Kaibab National Forest in northern Arizona, found MPB were not attraeted.to fire-scorched trees. He thought the scorehedphloem did not offer favorable conditions for beetle atraprlng. Geiszler and others (1984) observed MPB mostly in trees uninjured or lightly injured by tire, in contrast to pine engraver that occurred in moderately to heavily injured trees. Rust (1933) reported tire-injured ponderosa pine were infested by MPB the first year following a fire in northern Idaho; however, the infestation declined the next year. The wood borers, both Buprestidae and Ceram· bycidae, were found occasionally in fire-injured lodgepole pine. on the plots. To date, 71 percent of the Douglas·fir (both infested and uninfested) have died-over twice as many as predicted by model. In thick-barked species, a strong negative relationship between diameter and mortal· ity is nonnally expected in the absence of severe crown scorch Ryan 1990 ). Contrary to expectation, dead trees were not significantly smaller than those still alive. A pos· sible explanation is that Douglas-fir tends to have large lateral roots near the soil surface that are often injured by ground fires (Ryan and others 1988) . Thus, unmeasured root injury may have contributed to the higher-than-expected mortality. However, because several of the dead Douglas-firs received minimal heating, insects appear to be FtipoRaible fOI' part of the additional mortality.
Of the 125 Douglas-fir examined, 26 percent were infested by insects in 1989, most1y DFB (58 percent of infested trees) and a few wood borer larvae of both Buprestidae and Cerambycidae. Most infested Douglas-fir in 1989 had 50 percent or more stem girdling by fire (Amman in press). In 1990, infested trees increased to 67 percent of the total ( fig. 5 ), and most ofthese had 20 percent or more stem girdling. In addition, the number of uninjured trees infested by DFB increased dramatically in 1990, when 46 percent of the 55 trees in this category were infested ( fig. 6 ). In 1989, some Douglas-firs that had needles and limbs completely burned were infested by DFB in the base where the bark was thick enough to protect the phloem from direct fire injury or from drying so excessively that beetles would not construct egg galleries in it. In 1990, DFB infested most ofthe remaining live trees on the Madison River plots, even though many of these ~rees would have survived the fire injury. DFB also mfested many trees at this site that were not subjected to fire injury, indicating that DFB increased populations in fire-injured trees and readily spread to uninjured trees. Given the current level of insect activity, additional Douglas-fir mortality is expected in 1991. This appears to be somewhat contrary to observaons by Malcolm Furniss (1965) , who found DFB mfested 88 percent of fire-injured Douglas-fir following a fire in Idaho, but brood survival was low beca';l~e of pitch. invasion of galleries and sour sap conditIon. He did not report any infestation after the first postfire year. However, Robert Furniss (1941) observed DFB buildup in Douglas-fir in Douglas-fir (Pseudotsuga menziesii) Oregon following a fire in 1933. Beetles subsequently killed large numbers of uninjured trees in 1935 and 1936. Furniss thought DFB were able to increase because frequent fires in the area provided large numbers of injured trees for successive generations, thus allowing the beetles to increase.
Engelmann Spruee
Engelmann spruce CPit::IM Dlgelmannii Parry) constituted a small part of our tree sample, with ?nly 17 trees examined. Currently, spruce mortality IS 88 percent--cIose to that predicted by . As expected for a thin-barked species, mortality did not vary by tree diameter. Insects infested 65 percent of the trees in 1989, increasing to 82 percent in 1990 ( fig. 7) . Of the infested spruce, SB was in 50 percent of them. All infested spruce except one had 81 percent or greater basal girdling by fire. Observations of spruce not on our plots showed the duff around the base resulted in a slow-burning fire that often burned off the roots or so weakened them that some trees were easily blown over by wind. Windthrown spruce with unscorched trunks created an ideal habitat for the SB, which shows a strong preference for windthrown trees (Schmid and Hinds 1974) . The small additional infestation that occurred in 1990 is probably because the spruce beetle has a 2-year cycle in the area. Additional mortality is expected when beetles from trees infested in 1989 emerge in 1991. 
Subalpine Fir
Subalpine fir (.Abies lasiocarpa [Hook. ] Nutt.) is noted for its lack of fire resistance, primarily because of its thin bark. Virtually any fire vigorous enough to bum on all sides of the tree will cause girdling, followed by sloughing of the dead bark. All 17 subalpine firs died following the fires. model accurately predicted the fate ofthese trees. Wood borers (Buprestidae and Cerambycidae) infested 35 percent of the subalpine fir in the sample in 1989 ( fig. 8 ). Infestation increased to 71 percent in 1990. All of the trees had suffered 81 percent or greater basal girdling by fire; most of the bark was badly burned and not conducive to bark beetle infestation. Borer infestation was limited to bark that remained tightly attached to the wood.
CONCLUSIONS
The 1988 fires in the Greater Yellowstone Area killed many trees outright. Many more were subjected to sublethal injuries resulting in increased susceptibility to insect attack. Still other trees escaped fire injury but are exposed to the spread of insect attack from nearby injured trees. Because it is often difficult to adequately assess all fire injuries, the extent to which insects are primary contributors to death (as opposed to being opportunists attacking mortally injured trees) is often unclear. Additional research is needed to focus on Engelmann spruce (Picea engelmannil) the physiological responses of fire-injured trees and their relationships with insect ecology.
Although our sample of trees is small when the total number of trees in the GYA is considered, these observations suggest an increasing trend for bark beetle infestation of both fire-injured and uninjured trees for 1991 and probably beyond. Preliminary indications are that existing models for predicting fire-caused mortality of these species should be used with caution following wildfires, particularly in areas of uneven burning near the edges of more severely burned forests.
